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NOMENCLATURE 
Turbine disk area 
Power efficiency or power coefficient 
Diameter 
Axial velocity function f(r) 
Axial velocity transformation function G(ç) 
Radial velocity function g(r) 
Tangential velocity function h(r) 
Enthalpy 
Total enthalpy 
Unit vector in the radial direction 
Unit vector in the tangential direction 
Unit vector in the axial direction 
Reynold's number associated with U UR/v 
Reynold's number associated with W WR/v 
Static pressure 
Ambient atmospheric pressure 
Total pressure 
Reference radius 
Radius 
V 
Reference radius for the spiral shape 
U Reference radial velocity 
u radial velocity 
^ Total velocity vector 
V Reference tangential velocity 
V Tangential velocity 
v_^ Free wind speed 
W Reference axial velocity 
w Axial velocity 
X Radial direction in the axisymmetric coordinate 
X Radial parameter r/R 
Z Axial direction in the axisymmetric coordinate 
z Axial distance 
p Air density 
u Air viscosity 
V Air dynamic viscosity 
0 Tangential angle 
a Tangential velocity parameter vr/VR 
2 Ç Transfer parameter ax 
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I. INTRODUCTION 
— A. Background 
Discovering and developing the alternate energy sources 
are not easy tasks because there are always two problems to 
resolve. One is the price of the output energy compared with 
the price of the input energy. The other is technological 
difficulties. 
Solar or wind energy has potential capability to overcome 
these problems, since the sun and wind occur anywhere on the 
earth. Some ideas as to how we can observe wind are shown in 
table 1-1. 2 % of all solar energy reaching the earth is con­
verted to wind energy. And surface winds over the U.S. are 
sufficient to supply about 30 times the total energy consump­
tion of the U.S. Unfortunately, solar equipment is complicated 
and costly. On the other hand, wind energy- is relatively uncom­
plicated and it can be less expensive to utilize. 
According to Penner and Icerman (1981), the first utilized 
wind energy system was built in 1941 in the U.S., and they esti­
mate that 1.5 X 109 Mwh of electricity will be available from 
the wind by the year of 2000. The wind energy system is relia­
ble except for its performance limit. In fact, the performance 
limitation is the only thing we have to consider seriously. As 
of now, the best wind energy system can produce nearly 40 % in 
its power efficiency under ideal wind and mechanical conditions. 
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Table 1-1. A useful scale of wind force, adapted from the 
beaufort scale and compiled by the U.S. National 
Weather Service 
wind Speed 
(mph) 
Wind Effects Observed on Land Terms Used in 
NWS Forecasts 
0-1 Calm;smoke rises vertically. Calm 
1-3 Direction of wind shown by smoke 
drift, but not by wind vanes. 
Light 
4-7 Wind felt on face, leaves rustle, 
ordinary vane moved by wind. 
Light 
8-12 Leaves and small twigs in constant 
motion ; wind extends light flag. 
Gentle 
13-18 Raises dust and loose paper ; small 
branches are moved. 
Moderate 
19-24 Small trees in leaf begin to sway; 
crested wavelets form on inland 
waters. 
Fresh 
25-31 Large branches in motion; whistling 
heard in telephone wires ; umbrellas 
used with difficulty. 
Strong 
32-38 Whole trees in motion; inconvenience 
felt walking against wind. 
Strong 
39-46 Breaks twigs off trees ; generally 
impedes progress. 
Gale 
47-54 Slight structural damage occurs; 
chimney pots and slates removed. 
Gale 
55-63 Seldom experienced inland; trees 
uprooted; considerable structural 
damage occurs. 
Whole 
Gale 
64-72 Very rarely experienced; accompanied 
by widespread damage. 
Whole 
Gale 
73 or 
more 
Very rarely experienced; accompanied 
by widespread damage. 
Hurricane 
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It is windmill type wind energy system with two high speed 
blades. Typical power efficiency (or coefficient) is about 
20-30 percent and if we add gear box, chain or pulley losses 
and generator losses, overall wind turbine efficiency becomes 
less than 30 percent. Actually the theoretical efficiency 
can be 59.3 percent (Betz's theoretical limit) when we use an 
ideal diffuser. Coonley (1979) demonstrated how actual power 
efficiency can be derived (see figure 1-1). 
Commercially sold systems are far from the ideal 
system and they also have structual problems in blades. 
Blades are designed to withstand a certain centrifugal force 
and a certain wind load. The centrifugal force tends to 
exert a pull on the blades, whereas wind loads tend to bend 
the blades. Therefore, we have to stay in the safty region 
of the free stream velocity, which is about 30-40 mph. If the 
wind velocity is higher than this, we must control the wind 
turbine. Hunt (1981) suggests two ways of doing this: 1) 
tilting the wind wheel out of excessive winds, and 2) chang­
ing the blade angles to lower their loads. 
B. Previous Studies of Vortex Generator Wind Energy Systems 
Loth (1975) studied the case of a wind turbine ingesting 
a wing tip trailing vortex, as shown in figure l-2a. He 
found the maximum power efficiency was 0.593 of the 
ENERGY(K.E.) IN WIND 100% 
THEORETICAL 
MAXIMUM VALUE 59.3%| 
ACTUAL 
EFFICIENCY 40% 
Figure 1-1 
EFFICIENCY 
SYSTEM OVERALL 
GEN. RECT. BATT. INVERT. 70 28 
A.C. direct to hot 
GEN. water heating coil 95 38 
electron hydrogen rueji, 
GEN. of HgO storage cel^ 18 
+ DO 
electron hydrogen I.C. 
' of H«0 storage eng. 27.5 10 I  -
PFN LOAD 
• . SWITCH 
main $ 95 38 
supply —» meters 
water water 
pump turbine 40 16 
85 34 
1 
air air GEN 
compressor turbine 68 27 
Wind system efficiency chart 
5 
V 
w 
4 
(a) Wind turbine ingesting an ideal wing tip trailing vortex 
V 
(b) Wind turbine ingesting the leading edge ideal vortices 
of a swept delta wing 
V 
w 
V. 
(c) Wind turbine exhausting into the core of an ideal wing 
tip trailing vortex. 
Figure 1-2. Various vortex generator wind energy systems 
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Betz's limit. He could not get better results because the 
total pressure deficit at the inlet of the turbine reduced the 
amount of axial kinetic energy which can be extracted. Sforza 
and Stasi (1978) studied the case of the wind turbine ingesting 
a leading edge vortex of a swept delta wing and came to the 
power coefficient of about 1.6 as their conclusion. The sketch 
of this model is shown in figure l-2b. Tests by Walters et al, 
(1975) concerned the wind turbine exhausting in the core of a 
wing tip vortex. In this experiment, a vertical axis turbine 
was used and it was embedded inside a vertical semispan airfoil 
as shown in figure l-2c. The maximum power efficiency was 
proportional to the square of lift coefficient. Again, this 
method was not successful because the downwash of the wing 
limited the maximum obtainable lift coefficient. 
Hoecker (1961) observed one of many tornado phenomena and 
concluded that the Dallas tornado had a very interesting 
tangential velocity profile. The inner portion of the 
tangential velocity profile was nearly solid rotation, the 
middle portion of it was the steeply sloped curve approximated 
as vRi'G=const. and the outer portion was approximated as 
vR0'8=const. at 61 and 91 m above the ground. Here, v is 
the tangential velocity and R is the radius from the vortex 
center. This curve is plotted in figure 1-3. We note that 
this curve is similar to the Rankine-combined velocity profile 
7 
Xi 
§* 200 
•ri 
l u e  
> 
The Rankine-combined velocity 
The Dallas tornado velocity 
=const. 
cd 
•r< 
§ 
§ Eh 
100 
50 
. v/R=cons-t vR=const. 
vR^" =const. 
feet 
meters 
radius, R 
Figure 1-3. Hoecker's observed Dallas tornado tangential 
velocity profile at 61 and 91 m from the ground 
Burgers' solution 
/ (one cell) 
§  0 . 1  Sullivan's solution (two cells) 
radius, r/Jv/a 
Figure 1-4. Tangential velocity profile of one cell solution 
and two cell solution. C is a constant 
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which is the solid rotation in the inner portion and the 
potential vortex profile in the middle or outer portion as 
shown by the dotted line in figure 1-3. 
Mathematically, Burgers (1948) developed the tangential 
velocity solution of the vortex problem, which was expressed 
as v=(^2B§£_-) (1 _ exp(-ar2/2v)) form. Later, Sullivan (1959) 
also found the solution of the same problem which was 
expressed as v=(^°^^' ) (H(ar^/2v)/H(«')) where H(x)=J^exp{-t + 
3j^((l - exp(-r))/T)dT}dt. The Burgers solution is known as 
the one-cell vori:ex and the Sullivan solution is known as the 
two-cell vortex. They are shown in figure 1-4. 
All these cases indicate that the tangential velocity 
profile must have at least two portions, namely, the inner 
portion, which is somewhat close to the solid rotation, and 
the outer portion, which is close to the shape of a potential 
vortex. This tangential velocity profile also relates to the 
pressure drop between the inner portion and the outer portion 
of the vortex. Since the pressure drop is proportional to 
the strength of the vortex, we naturally think that the 
stronger the vortex is, the greater the pressure drop. 
It is well-known that we cannot convert all the kinetic 
energy of wind into useful work by conventional methods. 
It is also known that the pressure energy is a much larger 
portion of the total energy of wind than the kinetic energy. 
It would therefore be advantageous to convert the pressure 
energy into useful work. 
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Yen's (1975 and 1976) idea was to create a vortex in a 
tower by guiding wind tangentially in the omnidirectional 
tower. He called it the "Tornado-type wind energy system," as 
shown in figure 1-5. This tower is equipped with adjustable 
vanes which may be opened on the windward side and closed on 
the leeward side. The low-pressure core of the vortex is 
situated directly above the vertical-axis turbine so as to 
reduce the back pressure of the turbine. The underside of the 
turbine is connected to the ambient atmosphere through an 
omnidirectional bottom inlet, so that the total pressure 
condition of the wind may be utilized. Thus, the vortex tower 
and the bottom inlet can maintain a very large pressure 
difference across the turbine, and because of this pressure 
difference, the vortex wind turbine can produce a much higher 
power efficiency. 
In order to check this large pressure drop. Yen used a 
simple spiral model which was described by r^r^expCO.1©). 
Here, r^ is the reference radius and 0 is in radians. The 
total pressure drop across a turbine was simulated by a total 
pressure drop through a flow passage composed of pipes, 
valves, an orifice and 90° bends. 
Yen (1977) obtained a maximum power efficiency of about 
2.5 for his spiral model, which is about 6.25 times the power 
efficiency of conventional windmills. The above power 
efficiency was based on the turbine disk area. However, Yen 
10 
TOP WIND STREAM 
GUY 
WIRE 
WIND 
" LOW-
PRESSURE 
VORTEX 
BLADES 
INCOMING 
AIR 
TO FLYWHEELS AND GENERATORS 
Figure 1-5. Sketch of the tornado-type wind energy system 
proposed by Grumman Aerospace Corporation 
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and others prefer customarily to use the tower frontal 
projected area for defining wind power efficiency. Then they 
deduced that as the tower frontal area is increased, the 
power efficiency of the wind vortex machine would also be 
increased accordingly. Thus, they were thinking of producing 
100 to 1000 Mw wind machines simply by erecting huge towers. 
In fact, construction of a 100 Kw prototype(15 m tall tower) 
with assistance of solar heating for inducing the vortex has 
just been completed in Manxares, Spain as reported in Engineer 
(June, 1982) magazine. They further propose to build a 
tower 1 Km(3,300') tall in the near future-and expect a 50 
Mw wind power plant. 
It should be noted that the area used to define the wind 
power efficiency should be the flow area of captured wind 
which goes through the turbine for energy conversion as 
pointed out by Hsu (1981). It is not the tower projected 
area as customarily used in the concept of conventional wind­
mills. The tower is only an auxiliary device for forming a 
vortex and reducing the turbine back pressure. It does not 
extract wind energy from the capturing wind. Therefore, the 
power efficiency of the present wind vortex machine will not 
be enhanced by the proportion of the tower projected area. 
It is obvious that a tiny turbine cannot generate high power 
even it equipped with a huge and tall wind collecting tower. 
Analytical studies have also been carried out by many 
researchers to investigate the tornado-type wind energy 
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system. Loth (1975) simply considered the conservation of 
momentum by assuming that the axial velocity at the turbine 
exit was equal to the average exhaust velocity from the top 
of the tower. Power efficiencies resulting from this analysis 
were not impressive. Some comments were made by Hsu (1979) 
on this matter. 
Hsu, Mellor and Yen (1978) also made a simple analysis by 
assuming that a Rankine-combined vortex may be established in 
the tower with radial flow equilibrium. It was found that 
the maximum power efficiency of the tornado-type wind energy 
system is proportional to the cube of the ratio of the tower 
radius to the vortex core radius. The result was impressive 
but the problem remains of establishing a strong vortex 
inside the tower. 
So (1978) assumed the existence of Burgers' one-cell 
vortex flow inside the tower and obtained solutions for the 
induced turbine exit flow by solving the Navier-Stokes 
equations. However, in applying the boundary condition for 
determining an unknown parameter, he assumed that the static 
pressure above the turbine.blade was equal to that below the 
turbine blade. That would mean a turbine flow with no load, 
which is a special case and it is not valid in general for 
turbine operation. Together with other minor mistakes, the 
power efficiency obtained was not correct for application. 
So's work was commented on and discussed by Johnston and Eaton 
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(1978) who particularly pointed out the questionable boundary 
condition mentioned above but presented no specific solution 
to this problem. However, Johnston and Eaton developed 
a simple approach and arrived at a conclusion similar to 
Hsu's about the power efficiency of this system. 
Rangwalla (1982) studied So's work with great interest 
and pointed out that the undetermined parameter in So's work 
may be interpreted as the turbine mass flow rate. This 
parameter should be considered as a "floating parameter," as 
was pointed out by Johnston and Eaton (1978). The turbine 
mass flow rate varies with the turbine loading. The maximum 
power efficiency of a wind vortex turbine occurs at an 
optimal value of turbine mass flow. He then obtained the 
maximum power efficiencies for different tower and turbine 
geometrical configurations based on So's solution for 
turbine induced flow. These power efficiencies are two 
orders of magnitude higher than those of conventional wind­
mills if the vortex can be intensified in the wind tower. 
Rangwalla (1982) also obtained vortex solutions by using 
series expansions and numerical methods other than the 
Burgers' solution. 
So (1979) further applied the Sullivan's two-cell vortex 
solution to obtain the induced turbine flow by solving the 
Navier-Stokes equations. He found that the power efficien­
cies may drop rapidly as the result of reversed axial 
14 
velocities inherently associated with multiple-cell vortex 
flows. 
C. Statement of Our Problem 
We see from above that the tomado-type wind vortex 
system may attain very high power efficiency if a strong 
vortex can be established in the tower. It should be pointed 
out here that a strong vortex, i.e., the maximum tangential 
velocity, located very near the vortex axis, must be 
accompanied by strong radial inflow. In tornado flows, this 
strong inflow is automatically induced by the interaction of 
a tornado cyclone with the earth's surface (Hsu and Fattahi, 
1976 and Hsu and Odetunde, 1978). However, we found that 
simply guiding the wind tangentially into the tower is not 
sufficient to form a strong vortex. The vortex thus 
formed is only a weak solid rotational type with the maximum 
tangential velocity equal to the inlet wind speed. The 
power efficiencies of this kind are not impressive (Hsu, 
1981). Therefore, for establishing a strong vortex inside 
the tower, radial inflow must be supplied or pumped from a 
porous wall of the tower. 
Simply, we tried to make use of the dynamic intake 
of the wind into the space between the inner and the outer 
walls of the tower. The inner wall of the tower may be 
constructed with screens or porous materials so that the 
15 
radial inflow may be produced by the dynamic pressure of the 
wind. Details are shown in figure 1-6. 
In Chapter II, analytical solutions for a general vortex 
inside a porous cylinder with velocity components as a 
function of radial distance are obtained from the Navier-
Stokes equations. This solution further verifies our basic 
concept that a strong or intensified vortex must be 
accompanied by strong radial inflows. In Chapter III, brief 
discussions of the wind power efficiency and our laboratory 
setups for testing our models with radially supplied inflow 
are presented. In Chapter IV, results and discussions of 
our experiments are presented. In Chapter V, conclusions 
of the present testings are drawn and further studies are 
recommended. 
16 
top wind stream 
vortex 
turbine 
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to flywheels and generators 
Figure 1-6. Tornado-type wind vortex system with radial 
inflow supplies 
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II. ANALYTICAL STUDY OF VORTEX STRUCTURE 
A. Review of Previous Study 
In the years between 1835 and 1840, the first experimental 
work on flows with axial symmetry was carried out by Hagen 
(1839) and Poiseuille (1840). In 1845, Stokes (1846) gave the 
solution to his equations for the axially symmetric flow 
between two rotating coaxial solid cylinders and this served 
as the starting point for a number of investigations to 
determine the viscosity of various fluids. Oseen (1930) 
discussed 3 dimensional solutions for the Navier-Stokes 
equations in which the velocity perpendicular to the xy plane 
was of the form w=zf^(x,y) + f2(x,y), but did not specifically 
apply the results to the axially symmetric case. Shortly 
after that, axially symmetric flows of the form u=g(r) and 
w=zf^(r) + f2(r) were considered. In 1948, Burgers (1948) 
discussed the dissipation of a vortex of infinite extent with 
the form w=az + f(r) or w=az + bz + c where a, b and c are 
constants. Then he obtained the solution, u=-ar, w=2az and 
^(Const. ^ ^  _ exp(-ar^/fe>')) and pointed out that in such a flow 
the dissipation was proportional to the third power of the 
velocities. 
B. Governing Equations 
We tried to solve the Navier-Stokes equations of axial 
symmetry and to obtain the velocity component as a function 
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of the radial distance, r. Since our problem was to describe 
motions having axial symmetry which are shown in figure 2-1, 
we can define our velocity vector, 
^=ux^ + vig + wig 
where u, v and w are the radial velocity, the tangential 
velocity and the axial velocity respectively, and Î is the unit 
vector in the direction of positive r, 0 and z axis. 
Z 
X 
3( )/3e=0 for axisymmetric flow. Note : 
Figure 2-1. Axisymmetric coordinate system 
We assume that the flow is steady and incompressible, thus 
(ru)^/r + *2=0 (2-1) 
uu^ + wu^ - v^/r=-p^ / p  + v(u^^ + u^/r + u^^ - u/r^) (2-2) 
uv^ + wVg + uv/r= v(v^^ + v^/r + v^^ - v/r^) (2-3) 
uw^ + + v(w^p + Wp/r + w^^) (2-4) 
where ( or ( )^ are short form of 3( )/3r or 3( )/3z. 
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| 2 (  ) / 3 r 2  
3^( )/3z2, respectively. Solution forms are assumed as 
Similarly ( or ( are short forms of 9^( 3 or 
w=zf^(r) + f^(r) (2-5) 
u=g(r) (2-6) 
v=h(r). (2-7) 
The functions f^^r) and fy(r) are not arbitrary but are 
required to satisfy the following differential equations. 
Equation. (2-5) was put into equation (2-4) 
"(zfa, + + (zfa + fb)fa=-Pz/P + + 
zf /r + f, /r). (2-8) 
^r 
From equation (2-8), p was found by integrating with respect 
to z, 
p=-(pz^/2){uf + f^ - v(f + f /r)} 
^r ^ ^rr *r 
-pz{uf, + f f, - v(f, + f, /r)} + I(r) (2-9) 
br a b bj.^ b^ 
where I(r) is an arbitrary function of r as a result of 
integration. Since we assumed that u, v are function of r 
only, p^ must be a function of r in order to satisfy equation 
(2-2). Therefore, the first and the second bracket terms of 
equation (2-9) must be some constants 
+ fg^/r).k^ (2-10) 
ufb^ + (2-11) 
where and k^ are arbitrary constants. 
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Here, we make the above equations (2-10) and (2-11) into 
nondimensional forms by using reference length R, reference 
velocities V and W. Then we assume our solutions to be 
w=(Wz/R)f^(r/R) + Wf2(r/R)=(Wz/R)f^(x) + WfgCx), (2-12) 
u=Wg(r/R)=Wg(x), (2-13) 
v=Vh(r/R)=Vh(x), (2-14) 
where x=r/R, f^=(W/R)f ^^(x) , and f^=Wf2(x). 
Substituting equation (2-13) into equation (2-10), we obtain 
(Wg/R)(W/R)f^ + (W/Rj^f^Z - \,(W/R^)(f]^^ + /x)=ka. 
(2-15) 
Similarly equation (2-13) was put into equation (2-11), 
(Wg/R)(W/R)fg + (W/R)^f,f, - v(W/R3)(f, + f, /x)=k, . 
^x ^ ^ ^xx ^x ° 
(2-16) 
2 
Multiply both sides of equations (2-15) and (2-16) by (R/W) , 
gf, + f/ - (v/WR)(f, + fi /x) = (R/W) V=c, , (2-17) 
^x ^ Ixx ^x ^ ^ 
gf. + f^f, - (v/WR)(f, + f. /x) = (R/W)\=c., (2-18) 
"^x ^ ^ ^xx ^x ° ^ 
where c-^ and Cg are arbitrary constants. 
Now we introduce WR/v=N^. This is a Reynolds number that 
is associated with the axial velocity W. Using this N^, 
equations (2-17) and (2-18) are rewritten as 
(1/Nw)(fl" fl'/x) - Bfi' - (2-19) 
(1/N^)(f2" + fg'/x) - gfg' - fif2=-C2' (2-20) 
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where f'=f^=df/dx. 
Our next attempt is to eliminate g from equation (2-19) 
and equation (2-20). To do that we multiply x on both sides 
of equations (2-19) and (2-20), 
(x/N^)(fj^" + f^'/x) - gxf^' - xf^2=_xc^, (2-21) 
(x/N^)(f2" + fg'/x) - gxfj' - xf^f2=-xc2. (2-22) 
Now we take derivative with respect to x for equation (2-21) , 
(1/N^)(xf^'" + 2f^") - xf^fi' - - (gx)fi"=-Ci. (2-23) 
Similarly we take derivative with respect to x for equation 
(2 -22 ) .  
(1/N^)(xfg"' + Zfg") - xf^fg' - - (gx)f2"=-C2. (2-24) 
By using the continuity equation, (gx)'/x + f^=0, we perform 
the following operation, 
(equation(2-21) x f^") - (equation(2-23) x f^'). 
After some mathematical manipulations, we obtain, 
(I'fl'" - (fl" - flVxXfi" - - Cl» -
(2-25) 
We perform the same thing to the f2 equation, 
(equation(2-22) x fg") - (equation(2-24) x f2') 
«2'V - - W2 - Y' -
=0. (2-26) 
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For determination of and Cg, we must use boundary 
conditions. They are 
fl(0)=l, fi'(0)=0, fi(l)=0, f2(0)=l, f2'(0)=0, f2(l)=0. 
The first, third, fourth and sixth conditions are physical 
conditions since we would like to have some axial velocity 
along the axial axis and no-slip condition on the outer wall 
at x=l. The second and the fifth conditions are from symme­
try condition. Using the above boundary conditions for 
equations (2-19) and (2-20) we get the following, 
Ci=fi2(0) - (1/N^)(f^"(0) + li^ fi'(x)/x), (2-27) 
C2=fi(0)f2(0) - (1/N^)(f2"(0) + li^ fg'tx)/*). (2-28) 
In equation (2-27) and equation (2-28), lim f'(x)/x must be 
evaluated. Since f may be expressed by Taylor's series and 
making use of the boundary condition, we obtain 
f=f(0) + x^f"(0)/2! + x^f'"(0)/3! + , 
thus 
f'=xf"(0) + x^f'"(0)/2! + - , 
or 
f'/x=f"(0) + xf'"(0)/2! + — 
and finally, 
liTjy f ' (x)/x=f"(0) . 
From the above result, equations (2-27) and (2-28) become 
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Ci=l - 2f^"(0)/N^ (2-29) 
C2=l - 2f2"(0)/N^. (2-30) 
Equations (2-29) and (2-30) were substituted into 
equations (2-25) and (2-26), respectively, and the final form 
of the equations are 
fl'fl'" - (fi" - fi'/x)(fi" - 2fi"(0)) + N^(f]^^ - 1)( 
fl" - fi'/x) - N^fifi'2=0, (2-31) 
^2'^2'" - - f2'/x)(f2" - 2f2"(0)) + 
f^" - f^'/x) - N^fifi'f2'=0. (2-32) 
C. Limiting Cases 
Before we solve equations (2-31) and (2-32), we must 
study the limiting case of N^. For N^=0, all the terms which 
contain drop out. Therefore, equation (2-31) and equation 
(2-32) become identical forms of 
f'f"' - (f" - f'/x)(f" - 2f"(0))=0. (2-33) 
Solutions for equation (2-33) with the boundary conditions 
f(0)=l, f'(0)=0 and f(l)=0, are 
f(x)=l - x^™, m=l, 2, 3, . (2-34) 
In equation (2-29) or eqution (2-30), c can be a function 
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of only if f(x) exhibits a finite second derivative, at 
x=0. This indicates that m=2, 3, 4, cases give only 
c=l since f"(0)=0. For this reason, m=l is chosen here. 
Consequently, f(x) is expressed in a quadratic polynomial. 
For N^=±«>, equation (2-31) becomes 
(f^Z _ 1)(f^" - f^'/x) - fifi'2=0. (2-35) 
The boundary conditions are f^(0)=l and fj^*(0)=0. Equation 
2 (2-35) has the general solution of f^(x)=cos(ax + b). With 
the above boundary conditions, constant b drops out, thus 
f^(x)=cos(ax^) (2-36) 
where a is a constant. Similarly, equation (2-32) becomes 
(f^fg - l)(f2" - fg'/x) - (2-37) 
The boundary conditions are f2(0)=l and f2*(0)=0. Now using 
2 f^(x)=cos(ax + b), we can find the general solution for 
equation (2-37), 
f2(x)=n^cos(ax^ + b) + n2sin(ax^ + b) for afO. (2-38) 
If a=0, f^(x)=f2(x)=constant. So equation (2-37), becomes 
(nf2 - l)(f2" - f2'/x)=0, (2-39) 
where n is a constant and this has two solutions, 
f2(x)=l/n (2-40) 
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f2(x)=l^x^ + 1^. (2-41) 
Here 1^^ and I2 are arbitrary constants. 
It is seen from equation (2-38) that unless ^2"®» there 
will be in general a slip of the disturbance flow at the 
boundary. As a result of this slipping, flow becomes 
nonsymmetric and these disturbance flows are not as interesting 
as the basic flow which is given by fj^. 
D. Development of the Solution About N^=0 
In order to develop the axial velocity profile for small 
N^, we assume the function f to be of the form 
f-fo + Vol + + (2-42) 
This type of analysis has been done by Bôdewâdt (1940). 
Substituting equation (2-42) into equation (2-25) and 
collecting terms of gives the following result, 
fo'fo'" - (V - 2fo"(0))(fo" - fo'/x)=0. (2-43) 
2 Equation (2-43) has a solution of fQ(x)=l - x , which was 
already discussed in section C. Similarly, collecting terms 
of gives the following result, 
foi'" + foi'Vx - foi'/x^=-2x + 2x3. (2-44) 
The boundary conditions for equation (2-44) are fQ^(0)=0, 
foi'(0)=0 and fg^(l)=0. The first condition is due to the fact 
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that f-(0)=l because all the terms which include N must 
u V 
vanish at x=0. Equation (2-44) with the above boundary 
conditions yields a solution, 
foi(x) = <x^ - xS/16 - (x^ - x^)/72. (2-45) 
2 
Using fg and from above, terms are collected 
fog'" + fo2"/^ - fQ2'/x^-(43/72)x - (223/108)x^ + 
(15/8)x^ - (l/2)x^ (2-46) 
Solution of equation (2-46) with the boundary conditions, 
^02(0)^0' ^^2'(0)^0 ^02(1)^0' gives 
f02(*)-(43/2304)(x4 - x^) - (223/15,552)(x* - x^) 
+ (15/3072)(x® - x^) - (1/1600)(x^O - x^) (2-47) 
Knowing f^, fQ^ and ^02' can make a simple convergence test. 
Since 
(^Ol^max^O-OlOSS at x=0.6776 
(f02)max=-0 001071 at x=0.5651 
it appears that the convergence of the series (2-42) is evident 
for small N^'s. Therefore, we may use the result for an 
approximation, 
£-1 - (2-48) 
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2 
E. Solutions About f=cos(ax ) for Large 
Similar operation was attempted in this section for large 
N ' s. Let f be 
w 
f=foo + (1/V^OOl + + • (2-49) 
Substituting equation (2-49) into equation (2-25) and 
collecting powers of gives 
- f00^)(f00" - foo'/x) + foofoo'^'O- <2-50) 
As it was mentioned before, equation (2-50) has a solution of 
2 0 foo(x)=cos(ax ). Similarly all the terms of are collected, 
fool" - (1/x + 4axcot(ax^))fooi' + (4a^x^ + Sa^x^cot^(ax^ 
))fooi~ 16a^x^cot(ax^) - 16a^x^/sin^(ax^). (2-51) 
Solution for equation (2-51) is not as simple as the previous 
ones. Therefore, we make a transformation to simplify 
equation (2-51) 
f^Ol(*)=G(ax^)=G(S), (2-52) 
then substituting equation (2-52) into equation (2-51), we get 
G" - 2(cotç)G' + (1 + 2cot^ç)G=4a(cotç - ç/sin^ç) (2-53) 
where G'=dG/dç. It can be seen that a particular solution for 
equation (2-53) is sing. Thus, we assume that G=Go(ç)sinç, 
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then put this into equation (2-53), 
GQ"=4acosç/sin^ç - 4ag/sin^g. (2-54) 
Integrating equation (2-54) twice, we obtain 
Go=-2aç/sinç - 2a+ —) + Bç + A 
(2-55) 
where A and B are constants to be evaluated by boundary 
conditions. From equation (2-55), 
G(ç)=-2aç - 2asing(-^ + 4T3T37 6-5*3*51 ) Bçsinç 
+ Asinç (2-56) 
or 
^001^*^"^" * " 2asin(ax ) ("2"'*' 4»3-31 6«5«3'5! 
+ Bax^sin(ax^) + Asin(ax^). (2-57) 
Since the boundary conditions, and fQQ-j^'(0)=0 are 
automatically satisfied in equation (2-57), the other 
condition yields, 
7 a2 0"+ 7a 6 
A= 2a /sin a + 2a(y + + 5 . 5 . 3 . 5 ;  + ---) - aB. 
For evaluation of B we must rely on some other condition, 
i.e., foQi'(l), since which implies the no-slip 
condition at x=l was already established. From equation 
(2-19) and equation (2-29), we have 
-gf - f2 + (1/N^)(f" + f'/x)=-c=2f"(0)/N^ - 1. (2-58) 
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From the continuity equation we have, 
(l/x)|^= -f. 
Integration of the continuity equation yields, 
g(x)= --jo'^xfdx +-. (2-59) 
Evaluation of g(x) at x=l implies that B=0, then 
g(l)= -Jb^xfdx. 
By using f(l)=0 from one of the above boundary conditions, 
equation (2-58) reduces to the following form at x=l, 
2f"(0)/N^ - 1 = f(l)]o^xfdx + (1/N^)(f"(l) - f(l)).(2-60) 
Substituting equation (2-49) into equation (2-60) and just 
retaining the terms of the order of 1/N^, we obtain 
2f00"<0)/\ - 1 = foo'(l)Joxfoo<J=' + + 
foo'(l) + fQQ'(l)JoxfQQj^dx + fQQj^'(l)ioxfQQdx). (2-61) 
2 
Knowing fQQ(x)=cos(ax ) and 
f o o ' =  -2 a s i n ( a ) j ' o ^ x c o s ( a x ^ ) d x  =  - 1  ( 2 - 6 2 )  
for a=n/2, 3ir/2, 5TI/2, , equation (2-61) simplifies to 
the following form 
fooi'(l) - 4a2;o'xfgoidx - 8a^. (2-63) 
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For our practical purpose, we set a.=isf2 here. This value is 
the basic mode of the one-cell vortex pattern which will be 
discussed later in this chapter. Differentiation and integra­
tion of equation (2-57) yields 
fQ0i'(l)=-27.9505 + 3.1416B. (2-64) 
JoxfgQidx = 1.0646 - 0.1817B. (2-65) 
Now substituting equation (2-64) and equation (2-65) into 
equation (2-63), we finally obtained the B value, 
B=11.7932. 
This value was utilized to calculate the axial velocity 
profiles for high value of when a=Tr/2. Therefore, the 
final f solution for large s can be approximated by 
f = foo + '2-66) 
F. Approximate Solutions for Velocity Distributions 
From the results of sections C, D and E, we should be 
able to find the axial velocity distribution for various axial 
Reynolds numbers, N^. The axial velocity distributions for 
N^=0, 5, 10, 50, 100 and » were plotted in figure 2-2a. N^=5 
was evaluated from equation (2-48). The solution developed at 
N^=0, whereas N^=10, 50 and 100 were evaluated from equation 
(2-66). The solution, also developed at N^=±<». 
The radial velocities may be evaluated immediately from 
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equation (2-59), 
u=-(W/x)j(^xfdx (2-67a) 
and 
U=-WjQ xfdx (2-67b) 
and they were plotted in figure 2-2b. 
Before finding the tangential velocity, we must define 
a new variable, 
0= -^ = xh(x). (2-68) 
Substituting equation (2-68) into equation (2-3), 
it becomes 
a"- (1/x + uN^/W)a'=0, (2-69) 
integration of which gives 
o=mj^yexp(N^ jdx)xdx + m2 (2-70) 
where and mg are integration constants. Then, equation 
(2-67) was put into equation (2-70) which results 
h(x) = (m^/x)jxexp(-N^] ^  jxfdxdx)dx + mg/x. (2-71) 
With the boundary conditions h(0)=0 and h(l)=l, we found 
m^=(lo X exp(-N^ji Jxfdxdx)dx)"^ 
and 
m2=0. 
Therefore, equation (2-68) becomes 
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yx exp(.N^;i;xf dxdx) dx (2-72) 
J Q X  e x p ( - N ^ j l j x f  d x d x )  d x  
which was plotted in figure 2-2c. 
G. Importance of the Radial Inflow 
As was shown in figure 2-2c, plays a very important 
role in forming a strong vortex. For N^=100, the maximum 
tangential velocity is enhanced more than three times the 
boundary value at x=l. It means that if the inlet tangential 
velocity near the tower wall of the vortex generator shown in 
figure 1-6, is the free stream velocity, v^, the maximum 
tangential velocity of the vortex may be intensified more than 
three times of v^ if the axial Reynold's number, N^, is 100. 
Therefore, the greater the value of N^, the stronger will be 
the vortex in the tower. It should be noted that in the 
present mathematical development, we first solved the axial 
velocity w so that the parameter associated with W appears as 
the axial Reynolds number N^=WR/v. Physically, this is 
caused by the radial inflow, -U, at the tower wall due to the 
conservation of mass. For no-radial inflow at the tower wall, 
the vortex inside the tower will hardly be intensified and 
the power efficiency of the wind vortex turbine would not be 
very high. Therefore, to obtain high power efficiency in 
the present energy system, it is necessary to provide the 
radial inflow from the porous wall. Also, it must be 
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emphasized that the strong radial inflow is the key mecha­
nism for producing a strong tornado (Hsu and Fattahi, 1976 
and Hsu and Odetunde, 1978), or intensified vortex flow 
in the tower. 
As mentioned before, the present mathematical formulation 
contains the axial Reynolds number, N^, in the velocity 
distributions. For high values of N^, we may interpret as 
a high value of W or -U (radial inflow). On the other hand, 
for low values of N^, we may interpret as high viscosity 
of the fluid, In fact, the axial Reynolds number, N^, 
may be expressed in terms of a radial Reynolds number, N^= 
-UR/v, as was often used in the work of Donaldson and Sullivan 
(1960). For a given value of N^, we can find the value of W 
if R and v are fixed. Then, U may be calculated from equation 
(2-67b) at x=l and so forth for N^. Table 2-1 was constructed 
for the relationship between N^, -U/W and N^. 
Table 2-1. The relationship between N^, U/W and 
lU/Wl = dx 
0 0.2500 0 
5 0.2606 1.303 
10 0.2758 2.758 
50 0.2918 14.590 
100 0.3049 30.490 
l/ir 
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Finally, substituting equation (2-36) into equation 
(2-67), we obtain 
u = -W sin(ax^)/2ax. (2-73) 
It is interesting to note that U/W^-l/ir at x=l for a=n/2. 
For a=ir/2, the flow is referred to the one-cell vortex, and 
for a=3ir/2, the flow is referred to the two-cell vortex as 
they are shown in figure 2-3. It is believed that the one-
cell vortex occurs in most physical circumstances. 
a=n/2 
a=3n/2 
a=5n/2 u 
Figure 2-3. Possible meridional flow for N^=±'» 
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III. EXPERIMENTAL SETUPS 
A. Wind Power Efficiency 
For a one-dimensional, steady and adiabatic flow, the 
power which can be extracted from a wind machine as the result 
of energy conservation is 
Power = m(h. - h_ ) (3-1) 
'1 "-2 
where m is the mass flow rate which is captured by the turbine 
and h^ is the total enthalpy per unit mass. Subscript 1 
represents the upstream condition and subscript 2 represents 
the downstream condition of the wind turbine as shown in 
figure 3-1 below. 
turbine 
disk 
P. 
nnnnnnp 
wind collector 
Figure 3-1. Simple wind turbine flow diagram 
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Equation(3-l) may be rewritten as 
Power = pwA^.(hj^ + "2^1^ - hg - ^2^) (3-2) 
where p is the air density, w is the turbine intake velocity 
and is the turbine disk area. Here, h and v denote the 
enthalpy and velocity of the flow, respectively. 
The second law of thermodynamics for an adiabatic flow is 
dh - = 0. (3-3) 
P 
Since the conventional wind machines usually operate in the 
incompressible regime, p becomes constant and equation(3-3) 
is simply integrated, 
^2 - = ^ <P2 - P^)• (3-4) 
Substituting equation(3-4) into equation(3-2), we obtain 
2 _  p . .  2, 
Power = wA^(p^ + -^v^ ~ ^2 ' "§^2 ^ (3-5a) 
or 
Power = wA.(p. - p. ), (3-5b) 
t ^2 
2 
where p^ is the total pressure, i.e., p^=p + pv /2. 
Conventionally, the power efficiency (or coefficient) of 
wind machines is defined as the ratio of the power extracted 
from the wind to the maximum rate of kinetic energy of the 
wind possibly captured by the turbine, 
C = Power/-v ^«pv A. . (3-6) P O <» <*> T 
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Making use of equation (3-5a), we obtain 
Cp - f "2"^ ) (3-7) 
^  p  V  ^  ' V  ^  % 00 CO 
Now, we assume that the wind vortex turbine is operating 
at the dynamic intake condition, i.e., the total pressure of 
the turbine inlet flow equals that of the wind stream. Thus, 
Pt^^ = P» + (3-8) 
where p^ is the ambient static pressure and v^ is the free 
wind speed. Also, we assume V2=w because of continuity 
condition between the inlet and the outlet of the turbine. 
Then, equation (3-7) reduces to 
l" 2^ + 1 - (w/v„)^). (3-9) 
'P V. I, 
In order to obtain high from equation (3-9), we must 
produce the optimal mass flow rate, w/v^, and large pressure 
drop, (p^ - P2)/(1/2 pv^ ) across the turbine. The present 
vortex generator wind energy system is essentially to reduce 
the turbine back pressure pg by the intensified vortex at 
the exit of the turbine. In the meantime, reduction of 
turbine back pressure may also induce high turbine intake 
mass flow as will be seen later. 
B. Wind Tunnel Design 
For the purpose of our wind energy experiment, a low speed 
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wind tunnel of 1.22 m x 1.22 m(4' x 4') with a length of 4 m 
(13'4") as shown in figure 3-2 was designed and constructed. 
A 10 HP 1800 rpm single speed motor was installed with 
a hydraulic transmission which allows for variation of wind 
speed from 0 to 7 m/s(=15 mph). An aluminum fan of 1.06 m 
(42") diameter was driven by the motor and the transmission. 
This fan can deliver 26,200 CFM of free air at 1086 rpm and 
36,200 CFM at 1340 rpm. However, the transmission can only 
operate at a .maximum of 1200 rpm as its intake speed. The 
actual maximum air delivery should be about 32,000 CFM. 
Measurements of the wind speed profile in the wind 
tunnel are shown in figure 3-3. 
C. Vortex Model Design 
Two kinds of model shapes were designed and constructed. 
One is circular as shown in figure 3-4 and the other is spiral 
as shown in figure 3-5. The outer diameter of the circular 
model is 0,43 m(17") and the inner diameter of the circular 
model is 0.36 m(14") with the height of 0.58 m(23"). 
Two spiral shapes were expressed as r=rjjexp(0.l0) , where 
r is the reference radius and 0 is in radian. The spiral 
0 
shape was same as Yen's (1975) model. The small spifài model 
has an averaged inner diameter of 0.36 m(14"). Also, thfe large 
spiral model has an-averaged inner dî'àméter ùf 0.48 m(19") as 
shown in figure 3-4 and figure 3-5. The height of the small 
spiral model is 0.36 m(14") and the height of the large spiral 
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model is 0.58 in(23"). 
Both models were made of two side walls of 0.8 mm(l/32") 
thick plexiglass. This design concept allows the incoming 
wind into the cylindrical space between the walls to provide 
the radial inflow in the inner tower. 
Two types of air inlets were designed to provide the 
radial inflows. One is the bottom inlet with the air drawn 
into the cylindrical space between the walls from the ambient 
condition as shown in figure 3-6, a and b. The other is the 
side air inlet with the air drawn into the cylindrical space 
directly from the wind inlet section of the tower as shown 
in figure 3-7, a and b. The reason for choosing the two 
different designs, was to see which is more effective to 
provide the radial inflow from the total pressure condition 
which exists in the cylindrical space between two coaxial 
walls. 
On the inner walls of both models, different numbers of 
screens may be installed with adjustable heights in order to 
vary the strength of the radial inflows. For structural 
purpose, the inner wall of the model was reinforced 
by 8 plexiglass struts. Therefore, the actual side screen 
looks like multiple screen windows as shown in figure 3-8a. 
Two sizes of turbine diameter with straight cylindrical 
plastic tubes were attached to the bottom of the vortex 
towers. One is 5 cm(= 2") in diameter and the other is 10 cm 
0=4") in diameter. Since the turbine intake was exposed to 
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Figure 3-6a. The circular model with bottom inflow supply 
side screens 
bottOL 
air/inlet 
tunnel flooi 
air flow 
Figure 3-6b. The spiral model with bottom inflow supply 
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the ambient atmospheric condition(outside the wind tunnel), 
it is considered as the total pressure condition, or it may 
be called as dynamic intake condition. 
For the measurement of the total pressure drop across the 
turbine, we actually replaced the turbine rotors by a number 
of mesh screens. There are 6 meshes per 1 cm in this screen. 
Therefore, by varying the number of screens, we can evaluate 
the power efficiency in terms of the total pressure drops 
across the turbine as indicated in equation (3-5b). In 
our experiments, 3, 6 and 9 screens were used to simulate the 
turbine loadings and the case of 3 screens is shown in figure 
3-8b. 
The turbine plastic tube of 10 cm(=4") diameter was 
permanently installed into the bottom plate of the vortex 
tower whereas the turbine plastic tube of 5 cm(=2") 
diameter was attached inside of the large plastic tube for 
performing the small turbine tests as shown in figure 3-8c. 
Also, several designs for the top of the spiral model 
were considered so that the tower top exit area was allowed 
to vary as shown in figure 3-9. 
Various numbers of turns of the spiral were also tested 
in order to determine the effectiveness of vortex formation 
in the tower. The spiral turns are shown in figure 3-10. 
D. Instrumentation 
In order to measure the pressure drop across the turbine, 
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Figure 3-9. Top hole condition of the spiral model, (a) only 
a small hole is open. (b) top hole is slightly 
larger than the turbine hole. (c) only air inlet 
top is closed 
1 turn 1.5 turn 2 turns 2.5 turns 3 turns 
Figure 3-13. Turns of the spiral model 
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two pitot-static tubes were used just below and above the 
turbine screens as shown in figure 3-4 or 3-6. These 
pitot-static pressure tubes were connected to the water 
manometer, which can indicate the water column height in 
three decimal digits. 
Also, for measurements of the static pressure in the 
vortex tower, 18 static pressure taps were embedded in the 
bottom plane as shown in figure 3-11. All these 18 taps 
were, again, connected to the water manometer for reading 
pressure difference between the vortex static pressure and the 
ambient atmospheric pressure. 
Similarly, the free wind speed was measured by the 
pitot-static tube and the water manometer. However, the 
pitot-static tube was located about 0.61 m(2*) in front of the 
model. Small changes in wind speed were monitored throughout 
the experiment and adjustments were made to keep the wind 
speed constant. 
The total and the static pressures along the turbine axis 
were measured to determine the variation of the total pressure 
along the axial axis. Sketches of the pitot-static tube 
location are shown in figure 3-12. 
Our reading of the manometer may not have been completely 
accurate. Although the final results were averages of 3 to 4 
repeated experimental values, there still may have been some 
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axial axis 
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errors. To avoid this type of error, we developed a micro­
processor data acquisition system. Besides the accurate 
results, this system can provide us with a lot of information 
very quickly. A pressure transducer Pm-5-TC 0.15-350 was 
utilized along with the pitot-static tube to measure various 
pressures. An electric signal produced by the pressure 
transducer was amplified, then it was fed into the PET mini 
computer to be stored and analyzed later. Final results were 
either printed out by the printer or plotted out by the 
plotter after averaging of the pressures for a given time 
period was done. Details of this system are shown in Gao's 
(1982) thesis. 
E. Blockage Effect 
It was thought that the blockage effect of the wind tunnel 
might be significant for those considerably large models in a 
rather small tunnel cross section of 1.22 m x 1.22 m(4' x 4'). 
Comparison of static pressures at the inlet of the wind tunnel 
where the wind speed was measured with that near the inlet 
of those models, especially the large spiral model, did not 
show any significant difference. This may be because those 
models all have large opening areas for capturing the incoming 
wind. Therefore, they are unlike solid blunt bodies. 
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IV. RESULTS AND DISCUSSION 
A. The Circular Model 
Figures 4-1 to 4-6 show the effect of radial inflow with 
the bottom inlet type on the power efficiencies and turbine 
intake mass flow with various turbine sizes and loadings. 
Figures 4-1 to 4-3 are for the large turbine of 10 cm(=4") in 
diameter and figures 4-4 to 4-6 are for the small turbine of 
5 cm(=2") in diameter but with 1, 2 and 3 layers of side 
screen, respectively. In each figure, the power efficiency 
and turbine intake mass flow were plotted against the height 
of the side screen. 
It can be seen from these figures that the screen height 
of 12 cm(4.72") gives the highest power efficiency for the 
present model. This means that it is not necessary to 
require the radial inflow across the full height of the tower. 
It is even more effective to intensify a vortex only with the 
inflow being present in the boundary layer region as in the 
case of tornado flows described by Hsu and Fattahi (1976). 
In fact, the radial inflow would be weakened if the area of 
the inflow were increased because the supply of the inflow is 
limited by the dynamic head of the wind. Therefore, the 
following discussion, will refer to the model with a 12 cm 
height side screen. 
It is expected and can be seen from the above figures 
that fewer side screens should produce more radial 
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inflow, and, therefore, result in higher power efficiencies. 
This radial inflow effect is more evident just by 
plotting Cp against the number of side screens for various 
wind speeds as shown in figure 4-7 to 4-10. 
It was indicated in figures 4-1 to 4-6 that the large 
turbine of 10 cm(=4") diameter exhibits generally higher 
power efficiency than the small turbine of 5 cm(=2") 
diameter. This is probably because the vortex, which is 
inherently unstable, was wandering around the turbine exit 
area. In other words, the large turbine has more chance to 
cover the low pressure region of the vortex core than the 
small turbine. Therefore, in the following discussions we 
refer only to the large turbine of 10 cm(=4") diameter. 
It was also noted in figures 4-1 to 4-10 that the 3-
screen turbine loading exhibits the highest power efficiency. 
Since the turbine screen loading represents the total pressure 
drop across the turbine, and the loading will consequently 
affect the turbine intake mass flow, it is generally 
true that the higher the turbine loading, the lower 
will be the turbine intake mass flow as demonstrated, 
particularly, in figures 4-7 to 4-10. However, there is an 
optimal value for the turbine intake flow rate or the turbine 
loading that would yield a maximum Cp as implied in equation 
(3-5b). In the present case, it is clear that the 3-screen 
turbine loading was the optimal value for the maximum C^. 
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In figure 4-7, it is interesting to note that the ratio 
of the optimal turbine intake velocity to the wind speed, 
w/v^, is about 1.3 for the wind speed of 2.54 m/s. This 
value is much higher than that of the conventional windmills 
(0.667 for the Betz's limit). The corresponding optimal 
ratio of the turbine screen loading to the dynamic pressure of 
the wind, Ap^/%p^v^2, is about 1,9 which results in the maximum 
Cp of 2.47. This is about 6.2 times that of the conven­
tional windmills if the conventional value of C = 0.4 is 
P 
assumed. 
The effect of wind speed on the power efficiencies and 
turbine intake velocities should be small. However, the power 
efficiency tended to decrease slightly as wind speed was 
increased as shown in figures 4-11 to 4-13. We believe that 
this is probably because the diameter of the circular model 
is rather small. From our tests, when these small models were 
placed in a large wind tunnel at high wind speeds, the vortex 
tower seemed to be pressurized as a stagnation chamber. But, 
for properly designed large wind vortex towers, this pressur-
ization phenomenon should not occur. 
As mentioned in Chapter III, we designed a side 
inlet type of radial flow supply as shown in figure 3-7a to 
test its effectiveness. We found that the side inlet type 
did exhibit better power efficiency than the bottom inlet 
type.for all wind speeds. Similar plots of and w/v^ 
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are presented in figures 4-14 and 4-15. It can be seen in 
these figures that the advantage of the radial inflow is 
evident. The power efficiencies were increased about 100 
percent from that of the no-radial inflow case which is 
shown as the zero height of side screens in figure 4-14. 
The maximum power efficiency was improved from the bottom 
inlet type value of 2.5 to 3.8 which is about 9.5 times 
(or one order of magnitude higher than) that of the 
conventional windmills. In comparing figures 4-11 to 4-15, 
it is worthwhile to note that the optimal turbine intake 
velocity ratio was increased from 1.2 to 1.4 and the corre­
sponding turbine screen loading was increased from 1.2 to 
2.71 at v^=2.54 m/s. 
The optimal height of the side screen for the side inlet 
type was 12 cm(4.72") as shown in figure 4-14. The reason 
for the increase in the power efficiency with the side inlet 
type must have had to do with the total pressure recovery 
inside the hollow cylindrical space between two walls. It is 
possible that the bottom inlet type of the radial inflow 
supply may experience too much friction loss at the entrance 
of the air intake, which was not designed as a bell-mouth shape. 
In addition, to that, the entrance region was in the middle of 
a high turbulent draft because the present wind tunnel was 
located in a small room. 
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B. The Spiral Model 
As mentioned in Chapter III, we have tested two sizes of 
the spiral model. One was 0.36 m(14") inner diameter and 
the other was 0.48 m(19") inner diameter. Before proceed­
ing with tests for power efficiency, we tried to find the 
effects of the tower top opening size and the number of 
spiral turns on the power efficiency of the spiral model with 
0.36 m(14") inner diameter. 
The results are shown in figures 4-16 and 4-17. The 
optimal top opening is 20 cm(8") diameter and the beot number 
of spiral turns is one. Generally, too much coverage of 
the top opening may prevent proper evacuation of the incoming 
mass. On the other hand, too large an opening of the top exit 
may prevent the vortex from stablizing inside the vortex 
tower. Also, too many turns of the spiral shape would 
induce high frictional loss and eventually stall the flow for 
the present range of the incoming wind speeds. Therefore, 
the following testing results of power efficiency were 
obtained from the above optimal conditions. 
In figure 4-18, the power efficiency and the turbine 
intake velocity were plotted against the height of the side 
screen for various turbine screen loadings as was done 
before. The effect of radial inflow on can be generally 
seen. The optimal height of the side screen was 6 cm(2.36") 
for the present case. However, the power efficiencies were 
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not impressive. The maximum was only about 1.5 for the 
case of the incoming wind speed, v^=5.08 m/s. We are not 
certain why the power efficiencies were low, but we 
believe it is possible that the diameter of the spiral model 
was too small for the incoming wind to follow the contour of the 
side wall. Consequently, the flow might have been pressur­
ized inside the tower. On the contrary, the large spiral 
model of 0.48 m(19") inner diameter did not have any problems 
like that of the small spiral model of 0.36 m(14") inner 
diameter as seen below. 
The power efficiencies and the turbine intake veloci­
ties of the spiral model with 0.48 m(19") inner diameter 
were plotted against the side screen height with various 
turbine screen loadings and they are shown in figure 4-19. 
In this figure, the radial inflow was supplied by the side 
inlet type with one side screen and the turbine diameter of 
10 cm(=4") was used. The top opening condition for this model 
was chosen such that the air inlet top was closed as shown 
in figure 3-9. 
As seen in figure 4-19, the power efficiencies of the 
large spiral model with 6 cm(2.36") height side screen 
increased about 15-30 percent from the power efficiencies with 
zero height side screen, which is no-radial inflow condition. 
The power efficiencies decreased drastically with further 
increases in the side screen height. 
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In the small spiral model, the maximum power efficiency 
occurred at the side screen height of 6 cm(2.36"). It is 
important to mention further that the radial inflow is to 
intensify more effectively the vortex in the boundary layer 
region. 
A comparison of figure 4-19 with figure 4-14 reveals 
that, in general, the provision of radial inflow through side 
screens for the spiral model is not so significant with the 
spiral model as it is with the circular model. It is because 
the spiral model basically induces the radial inflow effect 
by itself due to the decreasing radius of the spiral toward 
the center. The inward radial velocity component of the flow 
is continuously amplified by the spiral wall. With the 
addition of the present radial inflow supply, the total radial 
inflow strength in the spiral model should be much stronger 
than in the circular model. Therefore, the power efficiencies 
of the spiral model should exhibit much higher C^. 
Although, as mentioned before, the effect of radial 
inflow supply is not so prominent for the spiral model, the 
power efficiency of this model is exceedingly high as shown 
in figure 4-19, due to the combined effect of the spiral shape 
and the radial inflow supply. The maximum at a wind speed 
of v^==2.54 m/s reaches 9, which is 22.5 times that of the 
conventional windmills. This is the highest value that we 
have obtained in the present preliminary testings. 
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It is obvious that a spiral model is not able to collect 
wind omnidirectionally. To collect wind from all directions, 
special design of the spiral model is necessary. For example, 
one kind of design was proposed by Hsu (1981). Again, it 
must be emphasized that for a circular model of vortex tower, 
which is covenient for collecting winds from all directions, 
the radial inflow supply must be provided in order to obtain 
high power efficiencies. 
In figures 4-20 to 4-23, the power efficiency, the 
turbine intake velocity ratio and the total pressure drop 
across the turbine were plotted against the number of side 
screens of 6 cm(2.36") height and the turbine of 10 cm(=4") 
diameter. It may be concluded, in general, that the one side 
screen case exhibits the highest Cp=9, the optimal turbine 
intake velocity ratio, w/v^, was raised to a value of 1.9 and 
the total pressure drop across the turbine, Ap^V^P^y*^, was 
raised to a value of 4.75. Thé power efficiency for the 
2 screen turbine loading was about the same as for the 3 
screen turbine loading. 
The effect of the wind speed on the power efficiency, 
the turbine inlet velocity and the total pressure drop across 
the turbine was presented in figure 4-24 and figure 4-25. 
From these figures, we can observe that drastic changes in the 
turbine intake velocity and the total pressure drop for wind 
speeds were not present. 
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Figure 4-20. Power efficiency, turbine intake velocity and the total pressure drop 
of the 0.48m(19") inner diameter spiral model with the side radial 
flow supply vs the number of side screens for the 10cm(4")D turbine 
with 6cm side screen height at the wind speed, v^=2.54 m/s 
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Figure 4-21. Power efficiency, turbine intake velocity and the total pressure drop 
of the 0.48m(19") inner diameter spiral model with the side radial 
flow supply vs the number of side screens for tne 10cm(4")D turbine 
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Figure 4-22. Power efficiency, turbine intake velocity and the total pressure drop 
of the 0.48m(19 ) inner diameter spiral model with the side radial 
flow supply vs the number of side screens for the 10cm(4")D turbine 
with 6cm side screen height at the wind speed, v =4.57 m/s 
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Figure 4-23. Power efficiency, turbine intake velocity and the total pressure drop 
of the 0.48m(19") inner diameter spiral model with the side radial 
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As before, decreased slightly as wind speed was increased. 
The reason was explained previously. 
The power efficiency for the bottom radial flow supply 
as shown in figure 4-25 sometimes exhibits even slightly high­
er values than the values for the side radial flow supply as 
shown in figure 4-24. This means that the bottom radial flow 
supply worked rather well for the large spiral model. 
Therefore, the bottom flow supply case should not be 
discriminated from the side flow supply case because the 
present design of those air intake conditions was preliminary. 
C. Static Pressure Measurements in the Vortex Core 
Since the large spiral model of 0.48 m(19") diameter 
exhibited the highest power efficiency, measurements of 
static pressure distribution in the vortex core on the 
tower floor of this model were carried out in order to see 
how much low pressure the static pressure could attain and 
how this low pressure wat? affected by the radial inflow. 
The static pressure port locations are shown in figure 3-11. 
In figures 4-26 to 4-31, the static pressure drop, 
~(Pt ~ plotted against the static pressure 
port locations on the floor at wind speeds of v^=2.54 m/s, 
3.56 m/s and 4.57 m/s, respectively, without the radial 
inflow supply. It can be seen in these figures that the 
static pressure drop can reach more than 10 times 
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Figure 4-26. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v„=2.54 m/s 
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Figure 4-27. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v„=2.54 m/s 
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Figure 4-28. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v==3.56 m/s 
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Figure 4-29. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v„=3.56 m/s 
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Figure 4-30. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v„=4.57 m/s 
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Figure 4-31. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading without 
radial inflow supply at v„=4.57 m/s 
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the dynamic pressure of the wind at lower wind speeds. This 
result can never be obtained by the conventional windmills. 
It was mentioned before that the spiral shape of the 
tower served some purpose of producing radial inflows by 
itself inside the vortex tower. With the supply of the radial 
inflow, the static pressure drop, -(p^ - p)/%p^v^2, was 
plotted against the port locations for the same wind speeds 
in figures 4-32 to 4-37. It can be seen that the static 
pressure drop can reach more than 11 times the dynamic 
pressure of the wind at lower wind speeds. The improvement 
is about 10 percent with the radial inflow supply. This 
means that the vortex was intensified somewhat by those radial 
inflows. 
It should be noted here that the side screen used for 
the radial flow supply was of the same type for turbine 
loadings, which had 6 meshes per cm. It is possible that 
the air flow experienced too much frictional loss while it 
passed through the screen. By using a much more coarse mesh 
screen, the power efficiency should further be improved. 
It is interesting to note, as seen in figures 4-26 to 
4-37, that the static pressure drop on the tower floor with 
air flow through the turbine was higher than that without 
the turbine air flow. This was probably due to the buoyancy 
effect. Any vertical convective flow such as the turbine 
air flow will intensify a vortex, and, thereby, reduce its 
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Figure 4-32. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
r a d i a l  i n f l o w  s u p p l y  a t  • v „ = 2 . 5 A  m / s .  
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Figure 4-33. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
radial inflow supply at v„=2.54 m/s 
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Figure 4-34. 
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Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
radial inflow supply at v„=3.56 m/s 
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Figure 4-35. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
radial inflow supply at v^=3.56 m/s 
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Figure 4-36. Static pressure measurements on the tower floor 
of 0,48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
radial inflow supply at v =4.57 m/s 
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Figure 4-37. Static pressure measurements on the tower floor 
of 0.48m(19") inner diameter spiral model with 
10cm(4")D turbine and 3 screens loading with 
radial inflow supply at v^=4.57 m/s 
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pressure in the vortex core. For this reason, burning combus­
tible solids, i.e., waste materials, or absorbing solar energy 
on the tower floor would also intensify the vortex on calm 
days and would further improve the power efficiency on windy 
days. 
Furthermore, static pressure drops and vertical veloci­
ties have been measured along the axial-axis above the tower 
floor for the wind speed of 2.54 m/s as shown in figure 3-12 
and table 4-1. It is noted that the static pressure drop was 
the highest on or below the tower floor. It decreased 
rapidly with the increase of the pressure port height. This 
means that the lowest pressure region of the vortex core was 
located right at the turbine exit. In the meantime, the 
axial velocity was the lowest at the tower floor region but 
increased as the height increased. This was probably 
because of quick addition of the air mass from the tangential 
and the radial inlet of the tower. 
Table 4-1. Static pressure variation along the turbine axis 
for wind speed of 2.54 m/s with 1 side screen of 
6 cm in height and 10 cm(4")D turbine with 3 
screens loading 
Vertical pressure 
port locations as 
shown in fig. 3-11 
in inches. 
Static pressure drop 
(Pt -
Axial velocity 
in m/s. 
3(0.075m) 3.6 4.40 
2(0.050m) 7.1 3.90 
1(0.025m) 7.2 3.77 
0 9.3 3.70 
99 
V. CONCLUSIONS AND REMARKS 
A. Conclusions 
In the present study, both theoretical and experimental 
work was carried out for the purpose of better understanding 
the basic nature of a vortex flow and further improvement of 
the power efficiency of a wind vortex turbine. 
Analytical solutions were obtained from the Navier-
Stokes equations for the three velocity component distributions 
along the radial distance. The result reveals the important 
nature of a vortex structure and the process of vortex intensi­
fication inside a wind tower by inflow supply from the tower 
wall. Based upon this concept, the essential features of our 
experimental work were to furnish this radial inflow by employ­
ing the dynamic head of incoming wind and further to observe 
the effect of the radial inflow on the power efficiency of the 
present type of wind vortex turbine. 
One circular model of 0.36 m(14") diameter with height of 
0.58(23") and two spiral models of 0.36 m(14") inner diameter 
with 0.36 m(14") height and 0.48 m(19") inner diameter with 
0.58 m(23") height were tested in a newly constructed low 
speed wind tunnel at wind speeds from 2.54 m/s(5.68 mph) to 
6.1 m/s(13.65 mph). 
Two types of radial inflow supply to intensify the vortex 
were designed: one was from the bottom of the tower and the 
other was from the side of the tower. It was found that the 
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most effective height of the radial inflow supply was about 
12 cm(4.7") for the circular model and about 6 cm(2.36") for 
both of the spiral models. It implies that the radial inflow 
near the boundary layer region rather than the entire height 
of the tower is more effective for intensification of the 
vortex in such a tower. 
The maximum power efficiency obtained for the circular 
model was 2.5 for the bottom radial flow supply and 3.8 for 
the side radial flow supply. These values are about 6.25 and 
9.5 times the power efficiency of conventional windmills. 
The optimal ratio of the turbine intake velocity to the wind 
speed for the circular model was about 1.2 to 1.38 and the 
corresponding total pressure drop across the turbine could 
sustain 3.0 to 3.8 times the dynamic pressure of the wind 
depending on the type of radial inflow supply. 
The maximum power efficiency of the present circular 
model with radial inflow supply was increased in some cases 
more than 100 percent over the efficiency of the model 
without the radial inflow. The radial inflow supply for the 
spiral models did not show so pronounced an effect on power 
efficiencies as it did for the circular model because the 
spiral model produced the radial inflow effect by itself due 
to the decreasing radius of the spiral curvature. The power 
efficiencies increased only 15-30 percent with the addition 
of radial inflow supply. 
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The power efficiencies of the small spiral model were 
not very inspiring. The maximum value was about 1.5. The 
exact reason is not yet known, but possibly this model was 
too small for a spiral flow so that the pressure inside the 
tower might rise somehow due to poor flow evacuation. On the 
other hand, the large spiral model exhibited the highest 
power efficiency of 9, which is about 22.5 times that of 
conventional windmills. The optimal turbine intake velocity 
was increased to about 1.9 times the wind speed and the 
corresponding total pressure drop was increased to 4.75 times 
the dynamic head of the wind. 
Static pressure measurements were then carried out in the 
vortex core of the large spiral model. They indicated that the 
static pressure drop at the vortex center was more than 10 
times the dynamic head of the wind without the radial inflow 
supply and it was increased to more than 11 times the dynamic 
head of the wind with the present radial inflow supply. This 
means that the radial inflow supply does lower the pressure in 
the vortex core, a consequence of vortex intensification in 
the tower. The static pressure was the lowest at the turbine 
exit, but it increased rapidly as the height of the vertical 
distance was increased. 
In conclusion, extracting wind energy by creating and 
maintaining an extremely low pressure region of an intensified 
vortex at the turbine exit through viscous pumping has shown 
a great improvement for the wind machines in power efficiency 
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and consequently cost effectiveness. Besides these merits, 
utilization of a vertical-axis turbine in the present wind 
energy system automatically eliminates many aeroelastic 
problems. Location of the turbine near the ground greatly 
eases the maintenance problems. On calm days, burning solid 
wastes or absorbing solar heatings on the tower floor may 
capture wind in the tower and form a stable vortex. Therefore, 
the present wind vortex turbine may be a very promising, 
innovative concept for renewable wind energy in the future. 
B. Remarks 
The present study is preliminary because of restricted 
funds and time. Thus, the following recommendations are 
made for future studies: 
(1) In the theoretical aspect, continuation of the present 
analytical study should be carried out. With the solutions 
obtained for the vortex flow in the tower, f^(r), and the 
turbine exit flow, fgCr), the power efficiency of the present 
wind turbine can be evaluated in terms of turbine intake mass 
flow for given tower-turbine geometrical configurations. 
This optimal value should correspond to a certain radial 
inflow condition. 
(2) In the experimental aspect, details should be further 
studied. The present models should be tested in a large 
wind tunnel to determine any additional significance of the 
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blockage effect on power efficiencies. The radial inflow 
supply should be properly redesigned so as to minimize the 
friction losses. Flow visualization and velocity measurements 
of the vortex flow, though difficult, should be obtained for 
better understanding of the flow structure. The data acquis­
ition system, which has been constructed, should be fully used 
to wind tunnel testings. Furthermore, a medium size of 
approximately 1.5 m (5') diameter vortex tower with a real 
turbine and generator should be constructed and demonstrated 
in natural wind conditions with the use of the present data 
acquisition system. 
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